Comprehensive
reviews of ball lightning indicate that there is as yet no satisfactory theory [1] [2] [3] [4] . This paper combines Maxwell's equations with additional concepts [5] [6] [7] in a model which accounts for the formation and some major properties of ball lightning. The model is a high-energy plasma ball of moderate lifetime with a typical radius of 0.1 m. A simple plasma globe in the atmosphere would ordinarily be lighter than air. It cools, disperses rapidly, and displays low energy; whereas ball lightning evidently has a density comparable to air, exists for several seconds, and has appreciable energy according to several reports [2, 3] . A mechanism is needed which compresses and stabilizes the plasma. Luminous globes have been observed alongside ordinary lightning channels [8] . The escape of current has been suggested as the origin of ball lightning [9] . At the outside of a bend the magnetic sheath is weakened and permits the escape of several liters in a jet forming a vortex. A large magnetic field is a plausible mechanism for confining plasma. A ball formed by a ring current has been considered previously. Strong current provides the needed strong field. External magnetic effects are reported in a few cases of ball lightning [10] . On the other hand, in the majority of cases there is no mention of a magnetic effect; and a witness near ball lightning particularly noted that magnetic items in his possession were not affected [11] . Additional information on this property is needed. In the proposed model an eddy current forms in lightning plasma ejected from the lightning channel or from vortex formation within the channel. The eddy can continue to absorb energy from the stroke. According to the higher currents in lightning [5] , 10 5 A could be injected in a pulse or induced by current in the channel. Perhaps, in view of the rare occurrence of ball lightning, an especially high current stroke up to 10 6 A is needed. The virial theorem is held to limit the energy of an atmospheric plasma ball [1] . However, in this model ball lightning is not a stable equilibrium to which the virial theorem is properly applied. In accord with the virial theorem when equilibrium is attained, ball lightning ceases to exist. Ordinary lightning is a comparable phenomenon. The energy and duration of lightning are limited by the available current. The same is true of ball lightning, which we consider a circular form of lightning. The influential work of V. D. Shafranov described ball lightning with a hydrodynamic analogy, using an external magnetic field to confine a ring current [12] . Others suggested both poloidal and toroidal currents as in the Tokamak for stability [13] . The model given here is not a simple ring current or a toroidal plasma. A more realistic model is needed. Electric current flows more readily along magnetic field lines in a plasma. In a ball separated from a lightning stroke the electric current I quickly adjusts so that it follows a path parallel to the magnetic field B: v x(B/tO=I=gB in which # is the magnetic permeability and g is a scalar geometric factor. There are solutions of this equation, in general, although g may have to be a function of position to satisfy boundary conditions. The field and current are helical in the sphere like a loop of twisted rope with superposition of poloidal and toroidal components. Since the current and magnetic fields are everywhere parallel, the magnetic force 1 • B is zero everywhere no matter how large the current is. Particles are trapped nevertheless by spiraling in the magnetic field, reducing the magnetic permeability slightly. If the ball forms with the axis parallel to the initial lightning, it is an effective choke and can absorb energy from the stroke. The flux ~ is conserved if the ball is spatially deformed. The magnetic energy ~b2/2L, in which L is the inductance, is constant during deformation because there is no I • B force through which magnetic energy can be converted into another form. Therefore, the inductance remains constant. Plasma may be lost from the surface of the ball. If the inductance changes markedly, a great deal of energy can be released; and the ball can disintegrate rapidly. This picture is in agreement with the observation that ball lightning remains nearly constant in size until it disappears, occasionally with an explosion. The large internal current and associated magnetic confining field provide similar explanations of ball lightning behavior. If the confining field weakens, the large internal pressure can cause the final explosion often reported. The conductivity of the plasma ball is found to be approximately that of copper, which leads to an inductive lifetime of roughly 1 s. If on heating to 15 000 K (roughly 50 times room temperature) the diatomic gases of air are completely ionized, a pressure of ap-Naturwissenschaften76 (1989) 9 Springer-Verlag 1989 proximately 4 • 50 = 200 at compresses the ion gas (two singly charged ions and two electrons) to atmospheric density. If the energy of the system is at a minimum with respect to the particle density, the magnetic permeability is two-thirds of the vacuum value; and the pressure is equal to the vacuum magnetic energy density B2/2/z0 = 200 at = 2 • 10 7 N/m 2.
B is evidently 6 T. From

B = #I/2r
the current is roughly 106 A. The ionization energy in a 0.1-m ball at atmospheric density is about 4 x 105 J. The magnetic energy 1/2 LI 2 is approximately 105 J. Another estimate of the lifetime is obtained by comparison with an ordinary low-density plasma ball with a lifetime of 1 ms. From compression to atmospheric density the energy is 200 times that of a plasma at at-mospheric pressure, and the opacity is about ten times as great, giving a radiation life of 2000 ms. The internal potential of such a ball is very small, and the globe need not exhibit a net charge. This simple model of ball lightning permits consideration of the origin, size, energy, density, and lifetime of the ball. Reasonable values of properties of the natural phenomenon are derived. The stability of the ball is not a permanent equilibrium but one of a temporary balance of forces. This model is applicable to laboratory plasma confinement [14] . The experiments show that the formation of dolomite and magnesite is controlled by very slow reactions. Thus, it may be anticipated that reactions (1) and (2) may occur also at temperatures below 60 ~ within the sediment layer of the earth. They may occur as well at 
